Twenty-four Alternaria strains were isolated from barley grain samples. These strains were screened for the production of mycotoxins on rice medium using thin layer chromatography. All 24 strains produced at least one of the five mycotoxins (ALT, AOH, ATX-I, AME, and TeA). Three representative strains, namely EML-BLDF1-4, EML-BLDF1-14, and EML-BLDF1-18, were further analyzed using a new LC-MS/MS-based mycotoxin quantification method. This method was used to detect and quantify Alternaria mycotoxins. We used positive ion electrospray mass spectrometry with multiple reaction mode (MRM) for the simultaneous quantification of various Alternaria mycotoxins produced by these strains. Five Alternaria toxins (ALT, ATX-I, AOH, AME, and TeA) were detected and quantified. Sample preparation included methanol extraction, concentration, and injection into LC-MS/MS. Limit of detection ranged from 0.13 to 4 μg/mL and limit of quantification ranged from 0.25 to 8 μg/mL.
Introduction
Genus Alternaria comprises some of the most common plant pathogenic and saprophytic fungi that cause pre-and postharvest damage to agricultural products, including cereal grains, fruits, and vegetables (Ostry, 2008; Storm et al., 2014) . The genus includes > 300 species (Lee et al., 2015) . Alternaria species produce various secondary metabolites. Some of these metabolites are known to be toxic, while others have not yet been studied and may be potentially toxic (Lee et al., 2015; Zain, 2011) . The most common Alternaria toxins found in cereals and food items are alternariol (AOH), alternariol monomethyl ether (AME), tentoxin (TEN), altenuene (ALT), and tenuazonic acid (TeA) (López et al., 2014; Ostry, 2008; Patriarca et al., 2007) . These toxins are classified into three different structural groups: (1) dibenzopyrone derivatives (AOH, AME, and ALT); (2) perylene-derived altertoxins (ATX-I, ATX-II, and ATX III); and (3) tetramic acid derivatives (TeA) (Pinto and Patriarca, 2017) . Cereals can be infected by several species of genus Alternaria, particularly by A. alternata (Azcarate et al., 2008; Broggi et al., 2007; Xu et al., 2016) . A. alternata synthesizes several mycotoxins such as AOH, AME, ALT, TeA, and ATX-I, which are the most frequently detected mycotoxins (Schade and King Jr, 1984; Scott, 2001) (Fig. 1 ).
These Alternaria mycotoxins are potential food contaminants and are found to be associated with agricultural products in nature.
Strong evidence suggests that AOH and AME may be mutagenic (An et al., 1989; Brugger et al., 2006) . AOH and AME inhibit the secretion of progesterone by porcine granulosa cells in vitro. It has been reported that in vivo inhibition of progesterone production markedly affected reproductive performance in pigs and other mammals (Tiemann et al., 2009) .
TeA is known to have acute toxic effects on human and animal health. It inhibits protein biosynthesis by ribosomes (Zhou and Qiang, 2008) . It also shows several bioactivities, including antitumor, antibacterial, antiviral, and phytotoxic activities (Chelkowski and Visconti, 1992) .
Altertoxins are responsible for causing acute toxicity in mice. They also cause mutagenicity and cytotoxicity in bacterial and mammalian cells (Solfrizzo et al., 2005) . Although these mycotoxins have a widespread occurrence, currently, there are no regulations governing Alternaria toxins in food and feed worldwide.
In a previous study, Yu (1995a, 1995b) showed that eight Alternaria species, A. cucumerina, A. dauci, A. macrospora, A. porri, A. sesami, A. solani, A. tagetica, and A. zinnia , that were isolated from red pepper fruits and sesame seeds in Korea produced AOH and AME. They also showed that potential mycotoxin-associated problems may exist in some agricultural products contaminated with Alternaria species, which produced large amounts of TeA, AOH, and AME. Their study demonstrated that 75 out of 280 isolates produced at least one of the five toxins, only A. alternata was toxic to rats, while the species, namely A. sesami, A. sesamicola, and A. solani, were nontoxic.
Therefore, Alternaria toxins have been receiving increasing attention in recent research, especially risk assessment studies. Accurate and rapid quantitative methods to measure Alternaria toxins would be very helpful for such studies. Recently, LC-MS/MS has been used to determine and confirm the presence of AOH and AME in apple juice and other fruit beverages at sub-nanogram per milliliter levels (Lau et al., 2003; Scussel et al., 2012) . A multiphase method was developed by which 33 mycotoxins (including AOH and AME) in various products such as peanuts, pistachios, wheat, maize, cornflakes, raisins, and figs could be analyzed simultaneously (Lee et al., 2015) . Although numerous mycotoxins have already been chemically characterized and classified in several studies, there are no data on Alternaria mycotoxins from Korean foodstuffs, which is a concern that needs to be addressed.
The purpose of this study was to develop a new quantitative method based on high performance liquid chromatography (HPLC)-tandem mass spectrometry (LC-MS/MS) for the detection and quantification of mycotoxins produced by Alternaria species isolated from Korean barley grain samples. The method established in this study was validated on 3 representative Alternaria strains producing mycotoxins.
Materials and methods

Isolation of Alternaria strains from Korean barley grain samples
Seeds of barley were collected from local growing areas of Jeonnam, Korea. A total of 100 barley seeds were placed in plates containing two layers of moist blotting paper, 20-25 seeds per plate. The plates were incubated at 25°C for 7 days. Fungal spores on the seeds were examined under stereo microscope and transferred to potato dextrose agar (PDA) plates using a capillary tube. Pure isolates were maintained in PDA slant tubes and stored in 20% (v/v) glycerol at −80°C at the Environmental Microbiology Laboratory Fungarium, Chonnam National University, Gwangju, Korea.
Molecular identification of fungi
Fungal strains were grown for 5-7 days at 25°C on PDA plates covered with cellophane. Genomic DNA was extracted from 50 mg fungal mycelia of each isolate using the HiGene Genomic DNA Prep kit (BIOFACT Corp., Daejeon, Korea). The internal transcribed spacer (ITS) region, glyceraldehyde-3-phosphate dehydrogenase (gapdh), and RNA polymerase II subunit 2 (rpb2) genes were amplified with the primer pairs ITS4, ITS5 (White et al., 1990) ; gpd1, gpd2 (Berbee et al., 1999) ; and rpb2-5F-Eur, rpb2-7cr-Eur (Hibbett, 2006; Houbraken et al., 2011) , respectively. The PCR amplification mixture (total volume, 20 μL) contained 2 μL DNA template, 1.5 μL each primer (5 pM), 14 μL demineralized sterile water, and 1 μL Accuprep PCR Premix (containing Taq DNA polymerase, dNTPs, buffer, and a tracking dye; Bioneer Corp., Daejeon, Korea). PCR products were purified using the Accuprep PCR Purification kit (Bioneer Corp.) according to the manufacturer's instructions. DNA sequencing was performed on an ABI 3700 Automated DNA sequencer (Applied Biosystems Inc., Foster City, CA, USA).
Sequence data obtained from the GenBank database (Table 1) were aligned using ClustalX v.1.83 (Thompson et al., 1997) and edited with Bioedit v.5.0.9.1 (Hall, 1999) . Phylogenetic analyses were performed using MEGA 6 (Tamura et al., 2013) . The neighbor joining (NJ) and maximum likelihood (ML) phylogenetic trees were constructed for individual datasets for ITS rDNA and combined datasets of the ITS, gapdh, and rpb2 sequences. The sequences of Dendryphiella salina, Cochliobolus heterostrophus, and Alternaria alternantherae were used as outgroups.
Production and extraction of Alternaria mycotoxins
For inoculum preparation, 50 g rice grains were placed in 500-mL Erlenmeyer flasks containing 50 mL distilled water. The flasks containing the media were autoclaved at 121°C for 30 min, and allowed to stand overnight. Each flask was inoculated with mycelial plugs obtained from a 7-day-old PDA culture and incubated at 25°C for 2 weeks. The flasks were shaken once or twice daily, during the initial 2 d to ensure growth of fungal mycelia on rice grains. After 2 weeks, Alternaria toxins were extracted from rice grains as described previously by Lee and Yu (Lee and Yu, 1995b) . Briefly, 50 g rice grains were extracted with 250 mL methanol and filtered through a filter paper (Whatman No 2). The filtrate was clarified with 80 mL 20% ammonium sulfate, partitioned into methylene chloride, and divided into two parts. The organic phase was combined and the solvent was completely evaporated. 1 mL methanol was added to dissolve the residues. ALT, AOH, AME, and ATX-I were analyzed by TLC.
For TeA analysis, the water phase remaining after methylene chloride extraction was adjusted to pH 2 with 6 N HCl and extracted twice with 50 mL methylene chloride. Next, TeA was partitioned using 30 mL 5% sodium bicarbonate that was subsequently acidified to pH 2, and extracted twice with 2 mL methylene chloride. The methylene extracts were combined and evaporated to dryness. The residue was redissolved in methanol and TeA analysis was performed using TLC. 
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International Journal of Food Microbiology 268 (2018) 44-52 2.4. Thin layer chromatography (TLC) analysis TLC was performed as described previously by Yu (1995a, 1995b) . Briefly, 2 μL solvent extract was spotted onto 10 × 10 cm silica gel plates (Kiesel gel 60 F254; Merck, Darmstadt, Germany) precoated with fluorescent indicator for TLC separation. Subsequently, the TLC plates were developed in a glass chamber using 100 mL mobile phase containing a mixture of chloroform:acetone (88:12, v/v). The plate was removed from the chamber and air-dried. Mycotoxins were detected under UV light at 254 and 365 nm (Vilber Lourmat, Marne La ValleВe, France).
LC-MS/MS analysis
This method was developed using the Shimadzu LC-10ADvp system (Shimadzu, Japan) coupled to the API2000 (AB SCIEX, US) with a triple quadrupole. The Thermo Scientific BDS Hypersil C8 column (3 × 50 mm, 3-μm particle size; US) was used. The column temperature was set at 25°C. The mobile phases were water (Milli-Q) containing 2 mM ammonium formate with 0.1% formic acid (mobile A) and acetonitrile with 0.1% formic acid (mobile B) at a flow rate of 0.4 mL/ min. Acetonitrile (ACN, LC gradient grade) was purchased from Merck (Darmstardt, Germany), and formic acid (LC-MS grade) and ammonium formate (Optima® LC-MS grade) were obtained from Sigma-Aldrich and Thermo Scientific, respectively. B was held at 3% from 0 to 1 min, increased to 95% for 13 min, and brought back to 3% within 1 min. The system was equilibrated for 15 min at 3% B before the next run. Analytical grade calibrants for ALT, ATX-I, TeA, AOH, and AME were purchased from Sigma-Aldrich. Stock solutions were prepared by diluting with 100% methanol containing 0.1% formic acid. All stock solutions were stored in a refrigerator at − 20°C until further use. The extracts from EML-BLDF1-4 (2.3 mg), EML-BLDF1-14 (3.0 mg), and EML-BLDF1-18 (3.0 mg) were re-dissolved in 200 μL methanol containing 0.1% formic acid and injected in LC-MS/MS. The injection volume was 5 μL. The mass spectrometer was operated in the ESI positive ionization mode using multiple reaction monitoring (MRM) mode. Two ion transitions (Q1 and Q3) were scanned for each target toxin. The selected ion transitions were optimized with respect to declustering potential (DP), focusing potential (FP), entrance potential (EP), collision cell entrance potential (CEP), collision energy (CE), and collision cell exit potential (CXP). The optimized mass spectrometry parameters were as follows: curtain gas, 30; spray voltage, 5500; source temperature, 500°C; and ion source gas, 50 psi.
Method validation
The analysis method was validated for EML-BLDF culture medium samples using LC-MS/MS system. The calibration curve was International Journal of Food Microbiology 268 (2018) 44-52 constructed over a concentration range of 0.25-256 μg/mL. Four different points were plotted. The limit of detection (LOD) and limit of quantification (LOQ) of the method were calculated as 3 and 10× signal-to-noise ratio, respectively. The coefficient of correlation (R 2 ) was used to judge the linearity. Recovery rates were determined by adding 100 μL standard mixture to the sample before extraction, amounting to LOQ1 and LOQ2 of each toxin. Fig. 2 . Phylogenetic tree constructed based on the ITS rDNA sequences using neighbor-joining method. The sequences of Dendryphiella salina and Cochliobolus heterostrophus were selected as the outgroups. Numbers at the nodes indicate the bootstrap values (> 50%) of 1000 replicates.
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3. Results and discussion
Identification of fungi
Results of the ITS rDNA sequence analysis of 24 isolates from barley samples are shown in Fig. 2 . 24 isolates were placed within section Alternaria as described by Woudenberg et al. (2013) . BLASTn search revealed that the ITS sequences of isolates showed 99.4%-100% to those of Alternaria alternata.
Within section Alternaria, three representative strains, namely EML-BLDF1-4, EML-BLDF1-14, and EML-BLDF1-18, were identified based on two additional genes, gapdh and rpb2. BLASTn results revealed that the gapdh gene sequences of EML-BLDF1-4, EML-BLDF1-14, and EML-BLDF1-18 showed 100% (562/562, 564/564, and 574/574 bp, respectively) identity with those of A. alternata (GenBank accession no. KP057228), A. tenuissima (GenBank accession no. KY290574), and A. alternata (GenBank accession no. KP057228), respectively. The rpb2 gene sequences of strains EML-BLDF1-4, EML-BLDF1-14, and EML-BLDF1-18 showed 100% (824/824, 865/865, and 865/865 bp) identity with those of A. tenuissima (GenBank accession no. LT707523), A. alternata (GenBank accession no. KU738707), and A. alternata (GenBank accession no. KU738707), respectively. Phylogenetic analyses based on the combined dataset of ITS, gapdh, and rpb2 sequences showed that the strains EML-BLDF1-4, BLDF1-14, and BLDF1-18 were placed within the A. alternata clade of sect. Alternaria (Woudenberg et al., 2015) (Fig. 3) .
Our results showed that 24 strains from barley grains were identified as Alternaria alternata. Bruce et al. (1984) observed Alternaria infection in all (57) barley samples analyzed, and identified A. alternata as the dominant species. Sanchis et al. (1993) also reported that the most predominant genera were Alternaria, Penicillium, and Aspergillus, which were isolated from 60 samples of barley collected in Spain. Most Alternaria isolates were identified as A. alternata (90.2%). A recent study by Medina et al. (2006) showed that Alternaria species were the dominant fungal species isolated from malting barley samples.
TLC analysis
Solvent extracts of the 24 strains of A. alternata isolated from barley samples were developed on TLC plates for the detection of mycotoxins (Table 2 ). TLC analyses showed that all the 24 strains were able to produce at least one of the five mycotoxins in rice culture medium. 24 strains (100%) produced both ALT and AOH, 18 strains (75%) produced ATX-I, 22 strains (91.6%) produced AME, and 9 strains (37.5%) produced TeA (Fig. 4) . Thus, we demonstrated and confirmed the presence of five mycotoxins, including ALT, AOH, AME, TeA, and ATX-I, using TLC analysis. AME, ALT, ATX-I, and TeA were identified on the basis of their Rf values using the TLC system constructed by Yu (1995a, 1995b) . AOH, AME, and TeA were also detected in rice culture medium (Bruce et al., 1984; Mass et al., 1981; Medina et al., 2006; Torres et al., 1998) . 
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International Journal of Food Microbiology 268 (2018) [44] [45] [46] [47] [48] [49] [50] [51] [52] After TLC analysis, three Alternaria strains, namely EML-BLDF1-4, EML-BLDF1-14, EML-BLDF1-18, were selected for further analyses with optimization of LC-MS/MS conditions based on the ability to produce different mycotoxins. In the present study, EML-BLDF1-18, EML-BLDF1-4, EML-BLDF1-14 were assigned as TeA, ATX-I, and AOH and AME producing strains, respectively.
Optimization of LC-MS/MS conditions
LC-MS/MS analysis with multiple reaction monitoring (MRM) mode enables sensitive and specific detection of target toxins. MS/MS settings
were optimized on the API2000 instrument using direct infusion of individual standard solutions and flow injection analysis. Ion transitions were tuned using 10 μg/mL standard solutions in 100% methanol containing 0.1% formic acid. MThe mass parameters were optimized to obtain the strongest signals for [M + H] + ion. The product ion values were determined from the results of the MS/MS analysis. The optimized precursor and product ions are summarized in Table 3 . Changing the ion trace selection resulted in decreased noise peaks and enhanced selectivity for appropriate identification. The mobile phase was chosen based on the ionization and separation efficiency. Due to good separation performance, ACN was employed as strong elution mobile phase B and water was chosen as weak elution mobile phase A. The Alternaria toxins were separated by gradient conditions for 14 min (Fig. 5) .
Method validation
The calibration equation, R 2 , LOD, and LOQ values have been shown in Table 4 . A linear calibration curve (concentration range, 0.25-256 μg/mL) was obtained for all five Alternaria toxins. The R 2 value ranged from 0.993 to 0.999. The LOD value ranged from 0.13 μg/ mL for ALT to 4 μg/mL for ATX-I. The LOQ value ranged from 0.25 μg/ mL for ALT to 8 μg/mL for ATX-I. These LOD and LOQ values were either similar or lower compared to those determined using LC-MS/MS in earlier studies (Meena et al., 2017; Prelle et al., 2013) . Sample recovery calculated by external standard method using standard solutions for ALT, ATX-I, TeA, AOH, and AME ranged from 83.5 to 99.2% of their spiked concentrations. Precision of the method was determined by evaluating its reproducibility expressed in terms of RSD (%). RSD ranged from 0.59 to 12.06% (Table 5) .
Analysis of Alternaria mycotoxins in EML-BLDF rice culture medium
The culture media extracts of EML-BLDF were concentrated and redissolved in 100% methanol containing 0.1% formic acid and analyzed by LC-MS/MS. The toxigenic profiles of mycotoxins produced by three Alternaria strains EML-BLDF1-4, EML-BLDF1-14, and EML-BLDF1-18 on rice culture medium have been shown in Table 6 . Our data showed that ALT was detected in the extracts from all three strains. The highest concentration of ALT was 85.5 μg/mL in the EML-BLDF1-4 extract. TeA was detected only in the EML-BLDF1-18 extract. Its concentration was higher (201 μg/mL) than that of the other mycotoxins. In addition, ATX-I was detected only in the EML-BLDF1-4 extract. Interestingly, the 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, and 24, . TLCs on silica gel plates (Kiesel gel 60 F254) were developed in chloroform:acetone (88:12, v/v), air-dried, and then irradiated under short and long UV wavelength.
benzopyrone derivatives (AOH, AME, and ALT) were detected in both the EML-BLDF1-4 and EML-BLDF1-14 extracts (Fig. 6 ).
In the present study, we compared the production of the other toxins detected in rice culture medium extracts, with TeA observed to be present in the highest amount. Notably, high TeA concentration was also reported by other authors in earlier studies. Logrieco et al. (1990) showed that 14 strains (100%) produced TeA and the concentration of this toxin was 6000 mg/kg; 13 strains (93%) produced AOH, AME, and ALT and the concentrations of these toxins were 120, 59, and 37 mg/kg, respectively. Li et al. (2001) observed that among the 25 isolates obtained from the Chinese weathered wheat, 8 (32%) isolates produced TeA (1369-3563 mg/kg), 25 (100%) produced AOH (2-178 mg/kg), 25 (100%) produced AME (1-98 mg/kg), 21 (84%) produced ALT (2-145 mg/kg), and 21 (84%) produced ATX-I (2-23 mg/kg). Sanchis et al. (1993) observed that among the 176 A. alternata isolates obtained from barley collected in Spain, the percentage of species producing TeA, AOH, and AME was 88.6%, 15.3%, and 9%, respectively. Similar data were obtained by Patriarca et al. (2007) . They reported that the highest concentration of TeA (up to 9478 mg/kg) was observed in the A. alternata isolate from Argentinean wheat; however, AOH and AME International Journal of Food Microbiology 268 (2018) [44] [45] [46] [47] [48] [49] [50] [51] [52] were present at lower concentrations (4-622 and 21-2352 mg/kg, respectively).
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Results of the present study indicated that the amount of toxin produced by Alternaria isolates varied considerably among different isolates. Different growth conditions affected mycotoxin production, especially the production of TeA. Magan et al. (1984) and Sanchis and Magan (2004) showed that water activity played an important role in the production of AE, AME, AOH, and TeA in A. alternata. Temperature is also an important factor affecting both growth and toxin production by A. alternata strains in vitro on wheat-based media (Pose et al., 2010) . Brzonkalik et al. (2011) showed that carbon and nitrogen sources affected mycotoxin production by affecting A. alternata growth on synthetic medium.
The present study has shown that A. alternata strains isolated from barley seed in Korea produced different mycotoxins when cultured on rice. For example, the strain EML-BLDF1-18 produced high amounts of the TeA toxin. In addition, among all the strains, the strain EML-BLDF1-4 was the best producer.
In future, studies evaluating the natural occurrence of ALT, AOH, ATX-I, AME, and TeA on different grains, including barley, produced by A. alternata should be performed.
Conclusion
Mycotoxin production by 24 Alternaria strains isolated from Korean barley grains was analyzed. Herein, we developed and validated a reliable LC-MS/MS method for the simultaneous determination of various Alternaria mycotoxins. Our results showed that ALT, ATX-I, AOH, AME, and TeA were detected in rice culture medium extracts ranging from 0. 25-8, 8-256, 4-64, 4-64, and 6 .25-100 μg/mL, respectively. International Journal of Food Microbiology 268 (2018) 44-52 
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